Abstract-Transmission performance for wavelength-divisionmultiplexed (WDM) systems with coherent optical orthogonal frequency-division multiplexing is simulated including the fiber nonlinearity effect. The simulation shows that the system Q of the WDM channels at 10 Gb/s is over 13.0 dB for a transmission up to 4800 km of standard single-mode fiber without dispersion compensation.
with transmission in standard single-mode fiber (SSMF) using CO-OFDM without dispersion compensation. We intend to answer two fundamental questions in relation to CO-OFDM transmission: 1) what is the optimal optical launch power for each WDM channel, and 2) what is the system that could be achieved even when the fiber nonlinearity is considered. By simulation of standard optical transmission systems, we find that the system of the received signal varies from 21.8 to 13.0 dB as the system reach increases from 800 to 4800 km, and the optimal optical launch power into fiber link is around 9 dBm. As such, CO-OFDM not only leads to an excellent system performance even when nonlinearity is considered, but it also requires a simpler optical amplifier design without a need for dispersion-compensation module and excessive high pump power.
II. WDM TRANSMISSION SYSTEMS WITH CO-OFDM
The basic WDM CO-OFDM transmission system is shown in Fig. 1 . A generic CO-OFDM system consists of an OFDM transmitter, an optical link, and an OFDM receiver. Inside the OFDM transmitter, the input data bits are mapped onto corresponding information symbols of the subcarriers within multiple OFDM symbols, and the digital time domain signal is obtained by using IFFT, which is subsequently inserted with guard interval and converted into real time waveform through digital-to-analog converter (DAC) [1] . The OFDM subcarrier frequency range is , where is the bandwidth of OFDM spectrum. The guard interval is inserted to prevent intersymbol-interference due to fiber dispersion [2] . The OFDM RF-to-optical conversion is achieved by applying the real and imaginary parts of OFDM signal to an optical 1041-1135/$25.00 © 2007 IEEE Fig. 2 . Optical spectra for 10-Gb/s CO-OFDM, optical duobinary, and conventional IM signal with the same average power. The CO-OFDM spectrum is measured after transmitting 4800 km with a launch power of 010 dBm.
converter, where two Mach-Zehnder optical modulators biased at zero output power are combined at a 90 phase offset. Multiple WDM channels with CO-OFDM modulation format are launched into an optical link. The optical link consists of multispan SSMF fibers and erbium-doped fiber amplifiers (EDFA) to compensate the fiber transmission loss. In contrast to the conventional link design, the CO-OFDM system does not need to use any dispersion-compensation fiber. The WDM channels are demultiplexed and detected using two optical coherent detectors which serve as an OFDM optical-to-RF converter. In the OFDM receiver, the OFDM signal will be sampled using an analog-to-digital converter (ADC), and demodulated by performing FFT to recover the data. The ADC/DAC plays a critical role in OFDM implementation, and their impact on OFDM performance is thoroughly discussed in [1] .
III. SIMULATION RESULTS AND DISCUSSION
A Monte Carlo simulation is conducted to identify the transmission performance of a CO-OFDM system. The OFDM parameters are OFDM symbol period of 25.6 ns including both guard interval and observation period, 128 subcarriers, a guard interval equal to one quarter of the observation period, and QPSK encoding for each subcarrier. The parameters for optical link are WDM channel spacing of 50 GHz, 80-km span distance, fiber chromatic dispersion of 16 ps/nm/km, 0.2-dB/km loss, and a nonlinear coefficient of 2.6 10 m /W. The fiber span loss is compensated by an EDFA with a gain of 16 dB and noise figure of 6 dB. The linewidths of the transmitter and receiver lasers (LD1 and LD2) are assumed to be 100 kHz, which is close to the value achieved with commercially available semiconductor lasers [8] , [9] . We simulate the optical mux/demux filters as easily available second-order Gaussian filters with 40-GHz bandwidth. The simulation shows the result of transmission of eight WDM channels with the middle (the fourth) channel detected. Although the system performance is dependent on the WDM channel number when it is fewer than eight, the simulations show insignificant variation using a larger WDM channel number beyond eight. Fig. 2 shows the optical spectrum of an OFDM signal after a transmission of 4800 km. The amplified spontaneous emission (ASE) noise is suppressed to show the outband nonlinearity components. For reference, the spectra of conventional intensity modulation (IM) signal and the optical duobinary signal are shown with the same average power. The 20-dB bandwidth of OFDM signal is around 7 GHz in contrast with 18 GHz for a conventional IM signal, and 12 GHz for an optical duobinary signal. This signifies that CO-OFDM has potential to achieve high spectral efficiency.
The received constellations of the optical signals after transmission in long-distance fiber are shown to be rotated with respect to each other owing to a phase shift from fiber chromatic dispersion [2] , [4] . The phase shift from fiber chromatic dispersion is estimated by using known pilot symbols. Since the phase shift due to fiber chromatic dispersion can be considered constant for a particular fiber link, the estimated phase shift is removed from each subcarrier. Fig. 3 shows a snapshot of the OFDM symbol phase evolution after transmitting 3200-km fiber. The OFDM symbol phase is estimated by averaging over the phases of 128 subcarriers given by (1) where is the phase of the received information symbol for the th subcarrier in the th OFDM symbol [2] . The OFDM symbol phase mainly comes from the phase noise of lasers, and it is critical to have estimated and compensated. The insets in Fig. 3 show the constellations of corresponding 51 OFDM symbols before and after the phase noise compensation. It can be seen that without phase noise compensation, the constellation of received OFDM information symbol drift between each OFDM symbol showing smearing of constellation. With the phase compensation, a clear constellation is recovered with four distinct clusters of data points representing corresponding four QPSK information symbols. The residual noises spreading each OFDM constellation point now are mainly from nonlinearity of optical fibers, ASE noise in transmission system, and intercarrier interference (ICI) due to the phase noise of lasers. Assuming the noise spreading each information symbol is Gaussian noise, the bit-error rate can be estimated as , and dB [4] , [10] . The factor is calculated as the ratio between the amplitude of the received QPSK information symbol, and the standard deviation of each subcarrier, and is given by (2) (3) where is the received information symbol for the th subcarrier in the th OFDM symbol, is the received information symbol for the th OFDM symbol averaged over the subcarrier index , and and are the number of OFDM symbols and number of subcarriers, respectively. The bit-error rate of matches with our numerical simulation results. Five hundred ten OFDM symbols are simulated equivalent to 510 128 bits for each computation. We find that the simulated value is very stable for different pseudorandom data and different random phase noise of laser. Fig. 4 shows the system of the received data versus the optical launch power of each WDM channel for different fiber lengths. It can be seen from Fig. 4 that the optimal optical launch power of each WDM channel is from 10 to 8 dBm. Fig. 5 shows the optimal optical launch power and the optimal value at different fiber transmission distances. As the transmission distance increases, the optimal optical launch power decreases due to the increase of fiber nonlinearity. The optimal varies from 21.8 to 13.0 dB as the fiber link reach increases from 800 to 4800 km. We stress that the CO-OFDM system is more power efficient than IO-OFDM counterpart because it does not need to transmit the main optical carrier, which usually consumes 50% of the optical power [4] . This eases the requirement of optical amplifiers for high pump power. 
IV. CONCLUSION
Transmission performance for WDM systems with CO-OFDM has been simulated including the fiber nonlinearity effect. The simulation shows that the system of the WDM channels at 10 Gb/s is over 13.0 dB for a transmission up to 4800 km of SSMF without dispersion compensation. The CO-OFDM system may simplify the long-haul link design and maintenance without the need for chromatic dispersion compensation.
